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A programmable quantum current standard from the Josephson and the
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We propose a way to realize a programmable quantum current standard (PQCS) from the Josephson voltage
standard and the quantum Hall resistance standard (QHR) exploiting the multiple connection technique
provided by the quantum Hall effect (QHE) and the exactness of the cryogenic current comparator. The PQCS
could lead to breakthroughs in electrical metrology like the realization of a programmable quantum current
source, a quantum ampere-meter and a simplified closure of the quantum metrological triangle. Moreover,
very accurate universality tests of the QHE could be performed by comparing PQCS based on different QHRs.
PACS numbers: 73.43.-f, 74.81.Fa, 73.23.Hk, 06.20.fb, 06.20.Jr, 84.37.+q
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I. INTRODUCTION
The quantum Hall effect (QHE)1 and the Joseph-
son effect (JE)2,3 provide universal and reproducible
resistance4,5 and voltage6 standards respectively linked
to the electron charge e and the Planck constant h only.
The QHE manifests itself by the Hall resistance quanti-
zation in a two-dimensional electron gas (2DEG) at RK/i
values in the non-dissipative transport limit (i is an in-
teger and RK is the von Klitzing constant equal to h/e
2
in theory). The reproducibility of the quantum Hall re-
sistance was checked4,7,8 with a relative uncertainty of
a few 10−11. Thereby, the unit ohm can be currently
maintained in national metrology institutes (NMIs) with
a relative uncertainty of 1 × 10−9. The application of
the QHE in metrology was more recently enlarged by its
implementation in the alternating current (AC) regime9
and by the development of quantized Hall array resis-
tance standards (QHARS)5,10. These successes rely on
a technique of multiple connection which cancels the ef-
fect of any impedance connected in series to the Hall bar
terminals11. Progress in resistance metrology has also
resulted from the advent of resistance bridges based on
cryogenic current comparators (CCC)12. The CCC is a
perfect transformer which can measure a current ratio in
terms of the number of winding turns ratio with a rel-
ative uncertainty5 as low as 10−11. Its accuracy relies
on a flux density conservation property of the supercon-
ductive toroidal shield (Meissner effect) in which super-
conducting windings are embedded. Owing to a flux de-
tector based on a superconducting quantum interference
device (SQUID), a CCC can have a current sensitivity as
low as 1 fA/
√
Hz at frequencies down to 1 Hz. The JE
provides a quantized reference voltage6 VJ = nJK
−1
J fJ
where nJ is an integer, fJ is the frequency of an elec-
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tromagnetic radiation and KJ the Josephson constant,
theoretically equal to 2e/h. The universal character of
KJ was tested
13,14 with an uncertainty of a few 10−17.
Owing to the development of arrays composed of a large
number of underdamped Josephson junctions (JJ) gen-
erating a quantized voltage as large as 10 V, the JE is
currently used in NMIs to maintain the unit volt with
an accuracy of a few 10−10. Programmable Josephson
array voltage standards (PJAVS) were more recently de-
veloped to generate arbitrary voltage waveforms. They
are based on arrays of overdamped JJ15 (up to 70000) di-
vided into segments containing numbers of JJ following a
binary sequence and which are independently biased by
a digitally programmable current source.
Despite the unit ampere is one of the seven base units
of the Syste`me International (SI)16, its old definition17
cannot be implemented with the accuracy required for
calibration needs. Moreover, the current unit cannot be
maintained using current generators mainly because of
their lack of stability and of a certain sensitivity on the
load of the device under test. Nowadays, the current is
rather calibrated by applying the Ohm’s law to a voltage
and a resistance independently calibrated in terms of KJ
and RK respectively. The relative uncertainty proposed
by NMIs for current in the range from 1 µA up to 100 µA
is not less than about 10−6. A true current standard
accurate within a few 10−9 is thus missing.
To overcome this lack, a lot of research efforts have
been spent to develop a quantum current standard over
the last two decades18. The most advanced idea is based
on handling of single charge carriers one by one in meso-
scopic system where the charge quantization manifests
itself due to Coulomb blockade19. Hence single-electron
pumps20 deliver a quantized current given by IPump =
nQ×Q×fPump where nQ, Q and fPump are the number of
charges per cycle, the elementary charge and the driven
frequency respectively. Several kinds of single-electron
pumps were proposed as reviewed in reference21,22. In a
seven junctions metallic pump, the reproducibility of the
2charge transfer has been demonstrated23 by measuring
an error rate per cycle as low as 10−8. An interesting
and stringent test of the accuracy of these single-electron
pumps relies on a calibration of the quantized current
in terms of RK and KJ, also referred to as the closure
of the quantum metrological triangle (QMT)24. This ex-
periment allows the measurement of the product RKKJQ
which is expected to be equal to 2. Any deviation from
this value would question the expected theoretical val-
ues h/e2, 2e/h and e of the constants RK, KJ and Q
respectively25. At the time of writing, the relative un-
certainty of this determination21,22 is limited to about
10−6. Reducing this uncertainty to a few 10−8 is an
issue to demonstrate the consistency of the solid state
theory with an accuracy allowing an evolution towards
a SI based on fixed fundamental constants16. Let us re-
mark that closing the metrological triangle also leads to
an estimate value of the elementary charge from the de-
terminations of RK and KJ.
In this paper, we propose a way to realize a pro-
grammable quantum current standard (PQCS) from a
special series arrangement of the Josephson voltage stan-
dard (JVS) and the quantum Hall resistance standard
(QHR) with the CCC. We then discuss how this PQCS
can lead to a breakthrough in some key metrological ex-
periments and in particular in the closure of the QMT.
II. PRINCIPLE OF THE PROGRAMMABLE QUANTUM
CURRENT STANDARD
FIG. 1. Realisation of a PQCS from the JE and the QHE
using a CCC.
The principle of the PQCS consists in realizing the
current VJ/RH where VJ is the voltage generated by a
PJAVS biased on a quantized voltage step and RH is the
resistance of a quantum Hall resistance standard (QHR).
The PQCS is theoretically quantized at current values
inJfJ/(RKKJ). The main concern of the metrologist is
to generate this current and then to use it as a reference
for applications without degrading its quantum accuracy.
The implementation is described in fig. 1. The PJAVS
maintains the voltage VJ between the nodes A and B. The
QHR of resistance RH is connected at these nodes using
a triple series connection (a similar connection scheme is
used in AC regime9,26) with the peculiarity that a CCC
winding of number of turns NJK is inserted in each of
the three wires connecting the node B to the terminals
of the Hall bar. A CCC auxiliary winding of N turns is
connected to different external circuits. Thus, the CCC
allows the use of the quantized current as a reference in
different metrological applications as explained in the fol-
lowing. Because nodes A and B which are the pads on
the Josephson array chip are superconducting, the total
current IJK supplied by the PJAVS does not generate ad-
ditional voltage drop at the nodes where the QHR is con-
nected. Moreover, the triple series connection drastically
reduces the discrepancy, caused by contact resistances, of
the two-terminal resistance RAB defined between A and
B points to the quantized resistance RH. We therefore
expect IJK accurately close to VJ/RH.
FIG. 2. a) Electrical model of the Hall bar based on a com-
bination of voltage generators and resistors. b) Expression of
the voltage generator as a function of the entering currents
i, j and the Hall resistance RH for the magnetic direction
indicated in a) and value of the resistors (RH/2).
More precisely, let us note If , Is and It the three cur-
rents circulating in the wires from node B to the termi-
nals of the QHR and εf , εs and εt the resistances of the
connections expressed in relative value of (1/2)RH (re-
sistances of wires, windings and Hall bar terminal con-
tacts). To simplify the discussion, only the resistances of
the links connecting the QHR terminals (located on one
equipotential edge) to the ground are considered. The
currents If , Is and It and the resistance RAB can be cal-
culated using a Ricketts and Kemeny electrical model of
the Hall bar27 where the longitudinal resistivity is ne-
glected (see fig. 2):
If =
IJK
(1 +
εf
2(1+εs/2)
+
εf εs
4(1+εs/2)(1+εt/2)
)
,
Is =
εf
2(1 + εs/2)
If , It =
εs
2(1 + εt/2)
Is,
RAB = RH(1 + (
It
IJK
)εt/2)
It results that the main current IJK = VJ/RAB differs
3from (VJ/RH) by only a third order correction in ε:
IJK = (VJ/RH)(1−
εfεsεt
8
+O(ε4)) (1)
The ampere-turns injected in the CCC is NJKIJK where
IJK = If + Is + It is close to VJ/RH within a third order
correction in ε. If εf , εs, εt < 10
−3, the current IJK and
the ampere-turns NJKIJK depart from their quantized
values (VJ/RH) andNJK(VJ/RH) by less than 10
−9 in rel-
ative value. Thus, the proposed new connection scheme
allows the exact injection of ampere-turns generated by
the programmable quantized current in the CCC.
Several conditions have to be fulfilled to ensure that
this ideal description holds in an experiment. Electromo-
tive forces (emfs) generated along wires between helium
temperature and room temperature should be compen-
sated by an efficient offset substraction procedure. In-
creasing both the Josephson voltage and the resistance
of the QHR and keeping constant their ratio reduces the
impact of emfs. The QHR can be either a single Hall
bar or a QHARS provided that the current supplied in
the circuit is lower that the current width of the Joseph-
son voltage steps which amounts to some mA in mod-
ern PJAVS. For a Josephson voltage of 1 V and a QHR
of resistance RK/2 (a single Hall bar operating on the
ν = 2 plateau where ν is the Landau level filling factor)
the current is about 77 µA. Moreover, leakage currents
responsible for a difference between the total currents cir-
culating through the QHR and the CCC should be can-
celled. These leakage currents can be strongly reduced
by connecting to ground both the low potential of the
Josephson array and the shielding of each wire of the
setup. By this way, any leakage current IL is redirected
to ground. The direct leakage current short-circuiting the
QHR, the most troublesome, is thus cancelled. However,
the potential ǫf(RH/2) × If at the current terminal of
the QHR (potentials at the voltage terminals of the QHR
are very close to ground potential) leads to the circula-
tion of a residual small leakage current ǫf(RH/2)×If/RL
towards ground that short-circuits the first CCC wind-
ing, where RL is the insulating resistance to ground of
the cable. This results in the injection of an ampere-
turns value in the CCC that departs from its nominal
value NJKIJK by about ǫf × RH/2RL in relative value.
Assuming RH = RK/2, RL ≫ 1012 Ω (easily achieved
using cables with polytetrafluoroetylene insulator) and
ǫf < 10
−3 leads to a relative discrepancy much smaller
than 10−11. Now we will detail some metrological appli-
cations in which the quantized current IJK can be used.
III. APPLICATIONS OF THE PQCS
A. Realization of a programmable quantum current source
A programmable quantum current source I =
(NJK/N)(VJ/RH) can be realized by servo-controlling an
TABLE I. Noise and Type A uncertainty of the programmable
quantum current source.
VJ N NJK I SI/I UA−100s(I)/I
1 V 1 100 ∼ 7.75 mA 1.9× 10−9/
√
Hz 1.9× 10−10
1 V 1 1 ∼ 77.5 µA 1.9× 10−7/
√
Hz 1.9 × 10−8
1 V 10000 1 ∼ 7.75 nA 1.9× 10−7/
√
Hz 1.9 × 10−8
10 mV 10000 1 ∼ 77.5 pA 1.9× 10−5/
√
Hz 1.9 × 10−6
external current source by the PQCS. This external cur-
rent source which is connected in series with a winding
of N turns of the CCC is controlled by the feedback sig-
nal VSQUID of the SQUID electronics to null the ampere-
turns value in the CCC (see Fig. 3a). The Type B28
evaluation of the uncertainty component of the quan-
tum current source essentially reduces to the negligible
contribution of the winding turn ratio (NJK/N) uncer-
tainty since leakage current contribution of the PQCS
is strongly cancelled. The noise spectral density SI (in
A/
√
Hz) of the quantum current source caused by the
Johnson-Nyquist noise of the quantum resistance stan-
dard and the SQUID noise is given by:
SI = (1/N)
√
4kBTN2JK/RH + (GCCCSSQUID)
2 (2)
kB is the Boltzmann’s constant, GCCC is the gain of the
CCC expressed in A.turns/φ0 (φ0 = h/e is the flux quan-
tum) and SSQUID is the SQUID noise spectral density
in φ0/
√
Hz and T is the temperature of the QHR. Let
us consider the following values: RH = RK/2, GCCC =
5 µA.turns/φ0, SSQUID = 3 µφ0/
√
Hz, T = 0.3 K. Table
1 shows the excellent noise performance of the source and
the expected Type A28 evaluation of the relative uncer-
tainty component UA−100s(I)/I of the average value over
100 secondes in the current range from tens of pA to a
few mA.
FIG. 3. External circuit of the CCC. a) Realisation of a pro-
grammable quantum current source. b) Realization of a quan-
tum ampere-meter. Application to the closure of the QMT
by calibrating a single-electron current pump. The SQUID
output VSQUID is recorded by a voltage detector VD.
B. Realization of a programmable quantum ampere-meter
to close the QMT
Another application is the realization of a quan-
tum ampere-meter that can be used to close the
4QMT. One approach to realize this experiment, pro-
posed by the Finnish NMI (Centre for Metrology and
Accreditation)29,30, consists in comparing the single elec-
tron current pump with the current delivered by a single
Josephson junction in series with a high value resistor
(typically 1 MΩ) by means of a SQUID-based current
null detector to measure the unbalance current. On one
hand, this mounting (see fig. 4a) offers the advantage
of a current detection near equilibrium, but on the other
hand it faces the difficult calibration of a high value resis-
tor placed at low temperature. A similar experiment was
realized by the NMI of United Kingdom (National Physi-
cal Laboratory) using a voltage source, a current detector
and a 1 GΩ resistor implemented at room temperature.
The measurement accuracy of the current pump was lim-
ited to 1.2×10−6 in relative value by the Johnson-Nyquist
noise of the resistor and the calibration uncertainty of the
room temperature apparatus31. The French NMI (Labo-
ratoire National de me´trologie et d’Essais)32 rather pro-
posed to oppose the voltage of a Josephson array to the
voltage drop at the terminals of a 10-kΩ resistor fed by
the current obtained after amplification by the CCC of
the pump current (see fig. 4b). The calibration of the re-
sistor is greatly simplified, but this simplification is done
at the expense of a more complicated detection phase.
Indeed, two different null detectors are needed: a zero
flux detection in the SQUID loop and a zero voltage de-
tection in the opposition circuit at room temperature.
Moreover, the current amplification relies on a SQUID
feedback control of the current source supplying the re-
sistor in series with a CCC winding which is more deli-
cate to operate and generally causes noise enhancement.
More precisely, the frequency bandwidth of the external
feedback is limited by the CCC internal resonance (at
a few kHz) which makes the SQUID submitted to high-
frequency flux noise. Due to the intrinsic nonlinearity of
the SQUID response, this can lead to unwanted rectified
signals altering the measurement accuracy.
FIG. 4. Closing the QMT: a) by measurement of an unbalance
current. b) by measurement of an unbalance voltage after
amplification of the pump current. In both cases, the used
resistor is independently calibrated in terms of RK.
We propose, as described in Fig. 3b, to oppose
by means of the CCC the ampere-turns NJKIJK =
NJK(VJ/RH) delivered by the PQCS described above
to the ampere-turns NIPump generated by the single-
electron pump where N is the large number of turns of
a CCC winding. At equilibrium, the product RKKJQ
is simply determined from (inJ/nQ)(NJK/N)(fJ/fPump).
In practice, nJ, fJ and fPump can be adjusted so that
the CCC detects zero ampere-turns value. The cancel-
lation of the flux in the SQUID loop is ensured by an
internal feedback. This implementation of the QMT is
therefore strongly simplified since neither a voltage de-
tector nor the implementation of an external feedback
control of an amplified current source by the SQUID is
required. It gathers the advantages of the two experi-
ments described in fig. 4. The best measurement perfor-
mance requires placing the single-electron current pump
and the CCC in the same cryostat in order to avoid ad-
ditional external noise. For N = 20000, NJK = 1 and
the CCC characteristics considered previously, the PQCS
has a contribution to the measurement noise (due to the
Johnson-Nyquist noise of the QHR) one thousand lower
than that of the SQUID. The relative uncertainty per√
Hz of the determination of RKKJQ thus boils down
to (GCCCSSQUID/N)/IPump. One finds 7.5× 10−6/
√
Hz
for a quantum standard nominal current of 100 pA. The
target relative uncertainty of 10−8 should therefore be
reached for a reasonable acquisition time of about 150
hours.
C. Comparison of quantum Hall resistance standards
FIG. 5. Comparing the PQCS based on two different QHRs
to realize universality tests of the QHE.
The last application consists in comparing the resis-
tances of two QHRs (RH1 and RH2) biased by a common
Josephson voltage VJ (see fig. 5). Using two sets of three
windings (number of turns N1 and N2) of the CCC, the
ampere-turnsN1IJK1 andN2IJK2 generated by the quan-
tized currents IJK1 and IJK2 are opposed. The resistance
5ratio r = RH2/RH1 is then determined from the mea-
surement of the ampere-turns unbalance by the CCC.
In principle, a Josephson quantized voltage is not neces-
sary in this experiment. However, the superconducting
pads of the JVS ensure that the voltages biasing the two
PQCS circuits are exactly the same despite the circu-
lation of currents. Moreover, the stability and the low
noise of the JVS constitute advantages to achieve the
lowest measurement uncertainty for the comparison of
resistances. If made of different materials, for example of
graphene and GaAs, this resistance comparison leads to
the realization of a very accurate universality test of the
QHE. This measurement technique based on the compar-
ison of two PQCS is more accurate than the one based
on the use of a usual cryogenic resistance bridge because
the measurement is not poisoned by the nanovoltmeter
noise and leakage currents are efficiently cancelled. The
relative uncertainty of the determination of the resistance
ratio r is given by:
S(r)/r =
(1/VJ)
√
4kBTRH1 + 4kBTRH2 + (RH1GCCCSSQUID/N1)2
Considering N1 = N2 = 2000, RH1 = RH2 = RK/2, VJ =
1 V and T=0.3 K leads to S(r)/r ≃ 0.65 × 10−9/
√
Hz.
This comparison method is as accurate as the Wheat-
stone bridge technique8. Comparatively, it allows in ad-
dition the resistance comparison of quantum Hall resis-
tors having different values. It should allow a strong
improvement of the universality test of the QHE at dif-
ferent filling factors not only in the integer regime but
also in the fractional regime.
IV. CONCLUSION
To conclude, this paper describes a PQCS realized
from the Josephson and the quantum Hall effects with
an accuracy limited by the Johnson-Nyquist noise of the
QHR and the SQUID noise only. We show how it can be
used to realize a programmable quantum current source
and a quantum ampere-meter, to improve the closure of
the QMT and the accuracy of quantum resistor compar-
isons. Let us finally remark that the PQCS could be
adapted to operate in the audio-frequency (a few kHz)
AC regime. This requires the implementation of a coaxial
circuitry, a PJAVS high-speed biasing current source and
the replacement of the CCC by an accurate AC trans-
former.
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